Introduction
The rare tautomers of the naturally occurring nucleobases have been the subject of numerous studies with respect to their possible biological role in base-mispairing and mutagenesis, 1,2 and their physical properties such as relative energy, geometry, acidity, etc. 3 Apart from detection problems of rare tautomers present in proportions lower than 10 -4 , a major difficulty with quantummechanical calculations on relative energies of tautomers represents the geometry approximation used for the respective tautomers.
4, 5 Reactions of metal ions with nucleobases, hence with mixtures containing an excess of the preferred major tautomer and a tiny amount of the rare tautomer, can lead to a product containing exclusively the minor tautomer.
6-11
In the coordination chemistry of nucleobases the metal, non-coordinated counteranion, reaction time, pH, packing factors, non-covalent interactions and solvent were found to exert an influence on tautomer selection. 15 and an excited state intramolecular proton transfer (ESIPT) of a Schiff base to a keto tautomer to give a proficient binding capability and selectivity for fluorescent Mg 2+ sensing (see Appendix S1 in ESI ‡ for further details also on metal-nucleobase tautomers). more potent, so that the metal complex was suggested as the biologically active species. Salicylaldehyde acetylhydrazone (H 2 sa, Scheme 1) displays radioprotective properties, 19 and a range of acylhydrazones are cytotoxic, 20 the copper complexes again showing enhanced activity. Structural studies of copper complexes with benzoylhydrazone and analogs showed these diprotic ligands to act as tridentate, planar chelate ligands coordinating through the phenolic and amide oxygen and the imine nitrogen atom.
21
The ligand deprotonation state depends upon the conditions and metal employed.
22, 23 With Cu(II) in basic media, both the phenolic and amide protons are ionized; in neutral and mild acidic solution the ligands are monoanionic, whereas strongly acidic conditions are necessary to form compounds with a neutral ligand. Here, we report the synthesis, structures and theoretical calculations of two concomitant tautomeric copper(II) complexes with benzoylhydrazone and isonicotinic acid where the proportion of the tautomeric forms in the solid-state can be controlled over a wide range by the solution concentration.
Results and discussion
The hydrazone pro-ligand H 2 L 1 was obtained by the in situ condensation of 2-hydroxy-3-methoxy-benzaldehyde and benzhydrazide (Scheme 2). By potentiometric titration the acidity constant pK a1 of the phenolic hydroxy group is about 9.00, whereas the pK a2 value obtained for the second amide acidity constant is 10.92 in MeOH-H 2 O (0.9/0.1 v/v) at 25.0 • C. 24 The pK a value for pyridine-4-carboxylic acid (isonicotinic acid,
• C ranges from 4.8 to 4.9 depending on the method of determination and the ionic strength of the solution (m = 0.0 to 2.0).
25,26
While isonicotinic acid appears to be the strongest acid and should be deprotonated first, metal complexation will affect the pK a values or protonation equilibria. Also, the solidstate composition, discussed below, is primarily influenced by the solubility and not necessarily by the solution composition.
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The hydrazone H 2 L 1 shows IR bands assigned to n (OH) (3563 cm -1 ), n (NH) (3377 and 3215 cm -1 ), n(C O) (1654 cm -1 ), and n (C N) + amide (1608-1576 cm -1 ). On complexation the n(C O) and n(C N) + amide bands for the ligand are shifted, showing that coordination involves the carbonyl-O and imine-N atoms ( Fig. S1 and S2 in ESI ‡).
The 1 and 3 ). The ratio of 1 to 2 in the crystalline solid depends on the solution concentration from which they are crystallized. Benzhydrazide, 3-hydroxy-2-methoxybenzaldehyde, 4-pyridinecarboxylic acid and Cu(O 2 CCH 3 )·H 2 O with 0.15 : 0.13 : 0.325 : 0.15 molar ratios in 13 ml of ethanol crystallized green-1 as the major and brown-2 as the minor tautomer in 95 : 5 ratio. By doubling the concentration of starting reagents (doubled molar amounts in same volume) both tautomers crystallized in about equal amounts. A further doubling to 0.6 : 0.52 : 1.30 : 0.60 mmol/13 mL yielded brown-2 as the major and a only a tiny amount of the green-1 tautomer.
An UV-Vis spectral study of both tautomers in acetonitrile solution does not show an interconversion or equilibration. The individual spectra of 1 or 2 (cf. Fig. 9 and 10 (1) with part of the hydrogen bonding scheme (dashed lines); bond lengths and angles in Table 1 Table 1 .
The molecular structures are depicted in Fig. 1 and 2 , respectively (cf. also Scheme 3). In both compounds the Schiff base ligand forms one six-membered and one five-membered chelate ring. The dihedral angle between these two ring planes is 2.6
• and 5. (Table 1) .
Thus, complexes 1 and 2 show a case of tautomerism with the proton being either on the amide nitrogen of the hydrazone Schiff base ligand in 1 or on the carboxyl group of the pyridinecarboxylate ligand in 2 (Scheme 3, Fig. 1 and 2 ).
Adjacent molecules of 1 and 2 are connected together by charge-assisted 29 O (-) ◊ ◊ ◊ H-N and O-H ◊ ◊ ◊ (-) N hydrogen bonding, respectively, which leads to infinite hydrogen-bonded 1D chains (Fig. 3 , Table 2 ). In 2 the charge-assistance derives from the sizable charge delocalization between the benzoyl-oxygen and the hydrazone amide nitrogen atom according to the above valence description. While a comparison of the molecular structures of 1 and 2 shows the tautomeric H atom on opposite ends of the molecules, the packing along the H-bonded chain suggests the possibility of a small H atom movement to interconvert between 1 and 2 in the solid-state (Fig. 3) . In 1 the carboxylate group accepts a hydrogen bond (Fig. 3a) and also adds as a fifth, axial ligand to a nearby Cu atom which then assumes a square-pyramidal coordination sphere (Fig. 1) . The bridging kN:kO action of the isonicotinate ligand (L 2 )
between two Cu(II) atoms leads to another 1D, now {Cu(m-L 2 )} zigzag chain in 1 (Fig. 4a) . The repeat units in this coordinationpolymeric chain are related by glide-plane symmetry.
Pyridine 
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Neighboring {Cu(m-L 2 )}-chains in 1 interdigitate through the aforementioned N-H ◊ ◊ ◊ O hydrogen-bonding and strong pstacking interactions (Fig. 4b , Table 2 and Table S1 in ESI ‡).
Strong p-stacking shows rather short centroid-centroid contacts (Ct ◊ ◊ ◊ Ct < 3.8 Å ) and small slip angles (b, g < 25
• ) which translate into a sizable overlap of the aromatic planes. In comparison, pstacking interactions can be viewed as medium to weak if they exhibit rather long centroid-centroid distances (Ct ◊ ◊ ◊ Ct > 4.0 Å ) together with large slip angles (b, g > 30
• ). 34-36,39 p-Stacking in 1 takes place between the tilted pyridyl planes within a chain and between the interdigitated copper-benzoylhydrazone planes (Fig. 4  and 5a ). The latter involves p-overlap between the benzoyl (ring 4) and copper-chelate ring planes (ring 1 and 2 in Fig. 5a ). Masui had suggested an active electron delocalization within a metal-Nheterocyclic chelate ring in such a way that it could exhibit some degree of "metalloaromaticity".
23,37-39
In complex 2 there is no additional axial coordination to the square-planar coordinated copper atom (Fig. 6) . The dihedral angle of the coordination planes around Cu of adjacent complexes along the H-bonded chain is 86.3
• . Parallel strands along a exhibit Table 2 and Fig. 3 ). strong p-stacking between the five-and six-membered copperchelate ring planes (ring 1 and 2) and the salicyl ring (Fig. 5b) . Along b the antiparallel strands interdigitate through van der Waals interactions (Fig. 6 ). No significant C-H ◊ ◊ ◊ p contacts 40 were found in the crystal packing of the strands of 1 or 2.
45

Molecular structure calculations
On the basis of the X-ray studies of 1 and 2, the molecular geometries and topological properties of the copper coordination spheres were calculated with density functional theory (DFT). In complex 1, we have used a neutral methanol molecule (HOCH 3 ) instead of the weakly bound pyridine-4-carboxylate O5 atom in the axial Cu site. This replacement resulted in a little unharmonicity in the calculated structural properties around the OCH 3 moiety. Calculations for 1 and 2 were performed in the UB3LYP (unrestricted Becke 3-parameter hybrid exchange and Lee-YangParr correlation density functional) method in conjugation with the 6-31+G* level. The most relevant calculated bond lengths and their comparison with experimental values are listed in Table 3 Table S1 in ESI ‡ for further details. 
Atom in molecule theory
Several excellent reviews have been published on the theory of atoms in molecules (AIM) developed by Bader 41 that is based on the critical points (CP) of the molecular electronic charge density, r(r). Four types of CP are of interest in molecules. One of them are the bond critical points, BCP, which correspond to a maximum in r(r) characterized by -2 r(r), and occur between two neighboring nuclei indicating the existence of a bond between them. It has been proven that AIM provides valuable information about many different chemical systems by analysis of the molecular electron density distribution. The positive value of the Laplacian (-2 r(r)) according to the BCP indicates a weak interaction or an ionic bond, and the negative value of the Laplacian shows a strong covalent bond between the atoms. The bond order between two nuclei is related to the absolute value of the Laplacian and the electronic charge density value r(r) on bond critical points.
The values of bond critical point parameters and electron density gradient (-2 r(r)), which satisfy our criteria for important bonds, are tabulated in Table 3 for complexes 1 and 2. For both complexes positive values of the Laplacian density (-2 r(r) > 0) show ionic bonds between Cu and the coordinating donor atoms. In complex 2 a bond order of Cu-N3 < Cu-O1 < Cu-N2 < Cu-O2 is seen in the electron charge density r(r) at the critical point of the Cu-N/O bonds which is in consistent with the inversely proportional decrease in bond lengths from Cu-N3 to Cu-O2.
For complex 1 the strength of Cu-N3, Cu-N2, Cu-O2 and Cu-O1 bonds are similar with r(r) = 0.1097, 0.1085, 0.1047 and 0.07459 au, respectively. Our calculation gives the electron charge density of the Cu-N3 bond as the largest value, so this bond would be the strongest of the Cu(II)-N/O bonds. The Cu-O1 in 1 is to the amide carbonyl group and experimentally longer by 0.1 Å than the Cu-O2-oxy bond. As expected, the Cu-O1 bond in 1 is the longest of all four Cu-O bonds in the two complexes. All other negative density gradients and electron charge densities in bond critical points show bonds with covalent character.
In the green complex 1 the C21-O4 and C21-O5 bond strengths correlate with the electron charge densities r(r) = 0.3521 and 0.3508 au, respectively, in the brown complex 2 the C21-O4 and C21-O5 bond strengths have the electron charge densities r(r) = 0.3995 and 0.2819 au, respectively. These results are in agreement with the experimental finding of a bond length C21-O4 (1.204 Å ) in 2 that is shorter (hence stronger) than the C21-O4 bond length (1.234 Å ) in 1.
In addition, the electron charge densities for C21-O4 and C21-O5 bonds in 1 are not the same, so the resonance in this carboxylate group does not give the same bond lengths. We may conclude that the higher single bond character in the C21-O5 bond makes the O5 atom susceptible to bridge to the other Cu atom as is observed experimentally.
The ellipticity is a measure of the ratio of the rate of density decrease in the two directions perpendicular to the bond path at the bond critical point, the general shape of the bond and the degree of p-character. A value of zero indicates a symmetrical distribution of density about the bond path, such as found in standard single and triple bonds, while large values indicate a preference for density build up in a particular orientation. The values for the ellipticity for 1 and 2 are listed in Table 3 .
For the green-1 complex, the lowest ellipticity (e) and, thus, p bonding character may be ascribed to the to the O1-C1 and O2-C10 bonds of the coordinating atoms (Table 3) whereas the highest ones belong to the N3-C20, and N3-C16 bonds, with the highest p bond contributions. In the coordination environment of Cu(II), the ellipticity in the five-membered metallacycle (Cu-N2 and Cu-O1) is greater than in the six-membered one Cu-O2 and Cu-N3, receptively. For the brown-2 complex, the highest ellipticity (e) and, thus, p bonding character may be ascribed to the C21-O5 and C9-C10 bonds (Table 3) whereas the lowest ones belong to the N2-C8 and O4-C21 bonds, with the lowest p bond contributions. In the coordination environment of Cu(II), the ellipticities are on the order Cu-N3 > six-membered metallacycle (Cu-N2 and Cu-O2) > five-membered metallacycle. Overall, the degree of pcharacter resulting from conjugation and hyperconjugation in 2 is higher than in 1. The frontier molecular orbitals of green-1 are depicted in Fig. 7 . The lowest unoccupied molecular orbital (LUMO) is an out-ofphase combination of the out-of-plane oxygen atomic p-orbitals of the carboxylate group and the LUMO+1 is primarily localized on the phenoxide/benzoyl rings and imine nitrogen atom (p*-type MOs). The highest occupied MO (HOMO) is mainly composed from phenoxide ring p-type MOs and the HOMO-1 from the in-plane carboxylate oxygen donor p-orbitals.
The frontier molecular orbitals of brown-2 are depicted in Fig. 8 . The LUMO and LUMO+1 are primarily localized on the HL 
Conclusions
The ratio of two crystallized concomitant tautomeric complexes green-[Cu(HL 1 )(L 2 )]·H 2 O·C 2 H 5 OH (1) and brown-[Cu(L 1 )(HL 2 )] (2) can be influenced by the concentration of the reactants. A lower concentration increases the proportion of the solvent-containing tautomer 1. In an aprotic solvent both forms are inert, with no apparent tautomerization.
DFT-calculated bond lengths are in close agreement with experimental findings and the positive value of the Laplacian (-2 r(r)) shows the Cu(II) bonds in complexes 1 and 2 to be energies which include intramolecular as well as supramolecular (H-bonding, p-stacking) contributions together with a sufficient energy barrier for interconversion (kinetic stability).
Experimental
Benzhydrazide, 2-hydroxy-3-methoxybenzaldehyde, copper(II) acetate monohydrate and solvents with high purity were purchased from Merck and Fluka and used as received. IR spectra were recorded in KBr disks with a Matson 1000 FT-IR spectrophotometer in the range of 4000-450 cm -1 . UV-VIS spectra of acetonitrile solutions were recorded on a Shimadzu 160 spectrometer. Microanalytical (CHN) data were obtained with a Carlo ERBA Model EA-1108 analyzer. Atomic absorption spectrometry was measured with a Varian 220 FS spectrophotometer. . Ethanol (96%, 13 mL) was carefully added to fill the arms, the tube was sealed and the reagents containing arm immersed in an oil bath at 60
• C while the other arm was kept at ambient temperature. After two weeks, a mixture of green and brown crystals was deposited in the cooler arm, which was filtered off, washed with ethanol and air dried (combined yield 0.06 g, 50% based on Cu). The pH in the beginning was 4.05, at the end of the reaction 4.07. The green (1) and brown (2) crystals were manually separated under a microscope to an about 95 : 5 ratio (Fig. S6 in ESI ‡) .
Experiment No. 2. Benzhydrazide (0.04 g, 0.30 mmol), 2-hydroxy-3-methoxybenzaldehyde (0.04 g, 0.26 mmol), 4-pyridinecarboxylic acid (0.08 g, 0.65 mmol) and copper(II) acetate monohydrate (0.06 g, 0.30 mmol) were placed in the main arm of the branched tube. Ethanol (96%, 13 mL) was carefully added to fill the arms, the tube was sealed and the reagents containing arm immersed in an oil bath at 60
• C while the other arm was kept at ambient temperature. After two weeks, a mixture of green and brown crystals was deposited in the cooler arm, which was filtered off, washed with ethanol and air dried (yield 55% based on Cu). The pH in the beginning was 4.05, at the end of the reaction 4.20. The green (1) and brown (2) crystals were manually separated under a microscope to an about 50 : 50 ratio (Fig. S7 in ESI ‡) .
Experiment No. 3. Benzhydrazide (0.08 g, 0.60 mmol), 2-hydroxy-3-methoxybenzaldehyde (0.08 g, 0.52 mmol), 4-pyridinecarboxylic acid (0.16 g, 1.30 mmol) and copper(II) acetate monohydrate (0.12 g, 0.60 mmol) were placed in the main arm of the branched tube. Ethanol (96%, 13 mL) was carefully added to fill the arms, the tube was sealed and the reagents containing arm immersed in an oil bath at 60
• C while the other arm was kept at ambient temperature. After two weeks, a mixture of green and brown crystals was deposited in the cooler arm, which was filtered off, washed with ethanol and air dried (yield 70% based on Cu). The pH in the beginning was 4.05, at the end of the reaction 4.17. The green (1) and brown (2) crystals were manually separated under a microscope to an about 2 : 98 ratio (Fig. S8 in ESI ‡) . (Fig. 9) . The spectrum does not change over a period of 2 weeks. UV/Vis for 2 (in CH 3 (Fig. 10) . The spectrum does not change over a period of 2 weeks.
X-ray structure determination
A suitable single crystal was carefully selected under a polarizing microscope. Data Collection: Nonius Kappa CCD for 1, Oxford XCalibur diffractometer for 2, both at a temperature of 200(2) K, Mo-Ka radiation (l = 0.71073 Å ), obtained from graded multilayer X-ray optics. The structure was solved by Direct Methods with SIR97, 42 and refined with full-matrix least-squares techniques on F 2 with SHELXL-97. 43 The crystal data and refinement parameters are presented in Table 4 . The C-H hydrogen atoms were calculated in idealized geometry riding on their parent atoms. The protic O-H and N-H atoms were found and refined. The structure plots were prepared with DIAMOND. 44 Details of the supramolecular p-interactions were calculated with the program PLATON. 45 The structural data has been deposited with the Cambridge Crystallographic Data Center (CCDC numbers 720068 for green-1 and 720069 for brown-2). ‡ These data can be obtained free of charge via www.ccdc.cam.ac.uk/datarequest/cif.
Computational methods
Geometries of complexes 1 and 2 were fully optimized with the density functional theory (DFT) method at the UB3LYP level of theory with the 6-31+G* basis set using the G03 program.
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At the first step, we have employed semiempirical methods to optimize the complexes. The obtained results improved using the UB3LYP calculation method. At the level of this method it is possible to generate a wave function in a form suitable to execute the topological analysis atom in the molecule 47 by means of the AIM2000 series programs. 
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